In HIV-1 infection, viral replication and storing take place in lymphoid tissues. The infection generates a large number of virions, most of which are stored in immune complexes associated with follicular dendritic cells. [1] [2] [3] [4] These cells play an important role in the transmission of HIV to cells and represent a major reservoir for HIV, facilitating the infection of CD4 þ T lymphocytes and producing a subsequent systemic spread. 1 Consequently, there is an impairment of CD4 þ helper or inducer cells, probably due to several mechanisms, such as a persistent immune activation with an increased T-cell proliferation and cell death, [5] [6] [7] [8] and a decrease of cell production by preventing maturity of lymphoid precursors. 9, 10 CD4 þ T lymphocytes are involved either directly or indirectly in most of the body's immunologic functions and their destruction results in progressive impairment of the immune response and ultimately in the marked immunodeficiency characteristic of AIDS. Moreover, the HIV-1 infection induces an increase of the specific anti-HIV cytotoxic reaction, for which cytotoxic CD8 þ T cells are responsible. These cells are recruited to the germinal center of the lymphoid tissue by a chemotactic effect of the virus, but in most cases, this cytotoxic action is insufficient to stop the viral replication. As a consequence of these facts the follicular dendritic cells are destroyed as innocent bystanders, resulting in damage to their meshwork. 11 These changes in the T-lymphoid cell subsets induced by the virus, led to a progressive alteration in the lymphoid tissue architecture, that correlates with the evolution of the disease. 12, 13 The introduction of highly active-antiretroviral therapy (HAART) has changed the prognosis of this disease, due to the decrease of the virus replication, and the CD4 þ T lymphocyte recovery. Under HAART, the CD4 þ T cell increase is determined by a decrease of dying T cells, 6, 7, 14 and also by thymic output. 15, 16 These events are associated with a suppression of the plasma viral load and an increase of CD4 þ T lymphocytes in peripheral blood. However, in spite of this improvement, after interrupting HAART there is a rebound of the plasma viral load again. This fact occurs even when the plasma viral load had been undetectable and it is attributed to the persistence of lymphoid tissue viral reservoir. 17, 18 Moreover, these patients present an incomplete immune restoration measured by means of phenotypical and functional parameters, even when T-cell counts have improved in peripheral blood. 19 Previous studies of the lymphoid tissue in HIV-infected persons on HAART have demonstrated a partial improvement of the lymphoid tissue architecture after 12 months of treatment, 20, 21 but there are no studies comprising longer follow-up.
The overall goal of the present study was to determine the viral reservoir in lymphoid tissue and its relationship with the changes in the immunoarchitecture of lymphoid tissue, in patients successfully treated with HAART for a long period. To carry out this aim, we have studied the tonsillar lymphoid tissue of 30 HIV-1-infected patients, before initiating HAART and after 12 and 36 months of treatment. We have determined the HIV-1 RNA by PCR and the immunoexpression of p24 antigen. The lymphoid tissue architecture has been studied by morphometry and we have quantified the lymphoid cell subsets. Moreover, these parameters in lymphoid tissue have been correlated with the plasma viral load and T-cell subsets in peripheral blood, determined in parallel.
Materials and methods

Patient Population
In all, 30 adult patients with chronic asymptomatic HIV-1 infection and CD4 þ lymphocyte count above 500 cells Â 10 6 /l, not previously treated with antiretroviral therapy, were eligible for tonsillar biopsies. All patients gave written informed consent to be included in the present survey. The study was approved by the local ethics committee. The patients were treated with HAART, defined as a combination of at least two nucleoside reverse transcriptase inhibitors plus a protease and/or a non-nucleoside reverse transcriptase inhibitor. Five tonsillar therapeutic resections of five non-HIV-infected persons, with sleep apnea syndrome were used as control cases.
Lymphoid Tissue Collection and Selection of Cases
The tonsillar biopsies were performed in all patients before initiating HAART and after 12 months of treatment. In six cases, tonsillar biopsies were obtained also after 36 months of treatment. Each sample of tonsillar tissue was split into two parts, one-half was frozen immediately in liquid nitrogen and used to determine the lymphoid tissue viral load; the other half was formalin-fixed and paraffinembedded for histological and immunohistochemical studies. From the latter routine, hematoxylineosin stain was carried out. Only biopsies with an adequate amount of lymphoid tissue were selected for immunohistochemical and morphometric analyses. We could evaluate 26 initial biopsies; 28 biopsies performed after 12 months of treatment; and the six biopsies after 36 months of treatment. However, all cases were included in this survey, as we consider they could give us useful information.
Lymphoid Tissue Viral Load
Lymphoid tissue viral load was determined in frozen tonsillar tissues using the NucliSens HIV-1 RNA QT Assay (Organon Teknika, Turnhout, Belgium). RNA was extracted using the Boom extraction method recommended by the manufacturer's (Organon Teknika) protocol. In brief, 80 slices of 10 mm from each specimen (mean total weight 18 mg) were added to 1 ml guanidine thiocyanate containing lysis buffer. After homogenization, 10 ml of each sample was added to 1 ml of new lysis buffer with RNA internal standards (NucliSens) and 50 ml silica suspension to bind nucleic acid. After centrifugation, the silica pellet was washed five times (twice with guanadine thiocyanate-based wash buffer, twice with 70% ethanol and once with acetone). Subsequently, nucleic acid was eluted using 50 ml elution buffer (EDTA). The amplification reaction used 5 ml of this nucleic acid solution with 45 ml specimen diluent and NASBA (NucliSens). The amount of RNA was expressed as copies per miligram of tissue. The limit of detection of this method for HIV-1 RNA was calculated to be in the order of 40 copies/mg lymphoid tissue.
Immunohistochemical Techniques
Immunohistochemical studies were carried out using both the automated immunohistochemical system TechMate 500 (Dako, Carpinteria, CA, USA), and the EnVision system (Dako). Briefly, 4 mm sections were deparaffinized and hydrated through graded alcohols and water. Peroxidase was blocked for 7.5 min in ChemMate peroxidase-blocking solution (Dako). Then the slides were incubated with the primary antibodies for 30 min and washed in ChemMate buffer solution (Dako). The peroxidase labelled polymer was then applied for 30 min. After washing in ChemMate buffer solution, the slides were incubated with diaminobenzidine substrate chromogen solution and counterstained with hematoxylin. The antibodies used in the study, their sources and dilutions are shown in Table 1 . Double immunohistochemical stains were performed in order to determine cytotoxic T lymphocytes (stains for CD8 and granzyme B) and proliferating naive lymphocytes (stains for CD45RA and Ki-67). For this purpose, bindings of granzyme B and Ki-67 antibodies were visualized using the EnVision system, as explained above. The sections were then heat treated again for 5 min and incubated with CD8 and CD45RA antibodies, respectively. The second antibodies were then detected with APAAP using New Fuchsin as red chromogen.
Study of the Morphology of Lymphoid Tissue and the Immunoreaction for p24
Tonsil tissue sections were examined blindly to evaluate the morphological characteristics of the lymphoid tissue and immunohistochemical results for p24 by two independent observers (LA and PN or VM), who were not aware either of the dates of tonsil biopsy nor the clinical situation of the patients. The morphological study of the lymphoid tissue was performed on hematoxylin-eosin sections, with the aid of immunohistochemical stain for CD20 and CD21 in order to detect secondary follicles. The histological characteristics of the lymphoid tissue was scored in three stages, according to the following definitions: (I) No lymphocyte depletion, prominent germinal centres with well-formed follicular 
Quantification of Lymphocyte Cell Subsets in Lymphoid Tissue
, and B (CD20 þ ) cells were counted in the interfollicular areas. Moreover, the intrafollicular cytotoxic lymphocytes were counted separately. In the five control cases from non-HIV-infected patients CD4 þ and CD8 þ cells, and cytotoxic lymphocytes were evaluated.
These cell counts were performed by means semiquantitative Image Analysis, using the morphometer Microimage of Olympus 3.0 which is connected to an Olympus BH2 microscope. In all, 10 high-power fields (HPFs), using a Â 40 objective, were counted. The mean value per HPF for each cell type, was calculated.
Peripheral Blood Determinations
Plasma viral load was measured using a quantitative polymerase chain reaction method (HIV Monitor test Procedure, Amplicor PCR Diagnostic; Hoffman-La Roche, Basel, Switzerland), with a limit of quantification of 20 copies/ml. CD4 and CD8 T-cell counts in peripheral blood were determined by standard flow cytometry. Subpopulations of CD3 þ , CD4 þ and CD8 þ T cells were determined using monoclonal antibodies (all from Becton-Dickinson, Mountain View, CA, USA). The stained cells were analysed on a FacsCalibur flow cytometer. Data were analysed using CellQuest software.
Statistical Study
For the purpose of the analysis, RNA values in lymphoid tissue reported as undetectable (below 40 copies/ml) were considered equivalent to 40 copies/ml. Quantitative data were compared between groups with a Student's t-test for paired samples in variables with normal distribution and similar variances, or with the Wilcoxon matched pairs test for those variables without normal distribution. Spearman rank-order correlations were performed on quantitative data. A P-value o0.05 was considered significant.
Results
Clinical Findings of the Patients
The median age of the patients was 34 years (range 24-49). In all, 21 patients were male and nine were female. The risk factors for HIV-1 infection were drug addiction in nine cases, homosexual transmission in eight cases and heterosexual transmission in 13 cases. The patients had been diagnosed with HIV-1 infection a median of 24 (range 13-120) months prior to initiation of HAART.
Lymphoid Tissue Viral Load, Morphology of the Lymphoid Tissue and p24 Expression
The results of the lymphoid tissue viral load, the morphological study of the lymphoid tissue and the immunoexpression of p24 are summarized in Tables  2 and 3 . In initial biopsies, before treatment, the median lymphoid tissue viral load was 1 542 691 copies/mg tissue, and it decreased significantly after 12 months of treatment to 8915 copies/mg tissue (P ¼ 0.013). However, after 36 months of treatment, the lymphoid tissue viral load was still detectable in four out of six cases evaluated, and it did not change significantly from the previous determination (median of 12 030 copies/mg tissue).
The morphological study could be performed in 26 cases at baseline. In all, 15 cases (58%) showed an histological stage III ( Figure 1a) ; nine cases (35%), a stage II (Figure 2a, b) ; and two cases (7%), a stage I. After 12 months of treatment, 28 biopsies could be evaluated. There was a significant improvement in the lymphoid tissue morphology (Po0.001): 15 cases (54%) were in histological stage II; 13 cases (46%), in stage I (Figure 1b, c) ; and none in stage III. Four out of six biopsies performed after 36 months of treatment were in histological stage I (67%), but two were still in stage II (33%). There was a positive statistical correlation between lymphoid tissue viral load and the histological stage: high levels of lymphoid tissue viral load correlate with high histological stages, and low levels of lymphoid tissue viral load correlate with low histological stages (P ¼ 0.040).
In basal biopsies, the median follicular area was 0.05 mm 2 and the median proportion of follicular areas with regard to the total amount of lymphoid tissue was 1.61% (range 0-15.52%). These parameters increased significantly after 12 months of treatment: the median follicular area was 0.17 mm 2 and the median proportion of follicular areas with regard to the total amount of lymphoid tissue was 10.72%). There was a statistical correlation between the histological stage with both follicular area and the proportion of follicular areas with regard to the total amount of lymphoid tissue (Po0.001).
The immunoexpression of p24 was assessed in 17 initial biopsies. All cases were positive with 12 cases (71%) in grade 3 ( Figure 2c) ; three cases (18%), in grade 2; and two cases (11%) in grade 1. After 12 months of treatment, the immunoexpression of p24, assessed in 20 cases, decreased significantly (Po0.001). However, it was still positive in 10 cases: seven in grade 1 (35%), and three in grade 2 (15%). p24 was negative in the other 10 cases (50%). After 36 months of treatment, the p24 expression was still positive in four out of six cases (67%), all them in grade 1. In the cases with follicular structures (stages I and II) the immunoexpression of p24 was superposed on the CD21 expression (Figure 2b, c) .
Lymphocyte Subset in Interfollicular Areas of the Lymphoid Tissue
The results of the counts of CD4 þ , CD8 þ cells, cytotoxic lymphocytes, memory, naive, naive proliferating, and B lymphocytes in the interfollicular areas are shown in Table 4 .
At baseline, the median counts of CD4 þ and CD8 þ cells were 251 and 246 cells per HPF, respectively. The median count of cytotoxic lymphocytes was 198 cells per HPF. A significant increase of CD4 þ cells (Po0.001) (Figures 3a, b) and decrease of CD8 þ cells and cytotoxic lymphocytes (both Po0.001) was observed after 12 months of treatment (median of 456, 121, and 97 per HPF, respectively). Consequently, the ratio CD4 þ /CD8 þ in lymphoid tissue also increased significantly (Po0.001). We found a positive correlation between the number of CD8 þ and the histological stage of the lymphoid tissue (P ¼ 0.010). After 36 months of treatment the mean value for each cell count did not change significantly (median CD4 þ : 426, CD8 þ : 143 and cytotoxic lymphocytes: 89 per HPF), when compared to that of the previous determination. The tonsils of non-HIV persons, used as control cases had a higher median of CD4 þ cells (638 per HPF), and a lower number of CD8 þ cells (96 per HPF) and cytotoxic lymphocytes (65 per HPF), even when compared with the determinations of HIV-infected persons after treatment (Figure 3c ).
In initial biopsies, the median counts of memory, naive, and proliferating naive cells were 372, 192, and 10 per HPF, respectively. After 12 months of treatment, both memory and naive cells increased significantly (median of 496 and 420 per HPF, respectively) (both Po0.001), but the increase of naive cells was higher, and there was an improvement in the ratio naive/memory cells. Proliferating naive cells also increased, but not significantly (median of 12 per HPF). After 36 months of treatment, these parameters did not change significantly, and the median counts of memory cells were 420, naive cells 312, and the proliferating naive cells 10 per HPF. Only naive cells correlated with lymphoid tissue viral load (P ¼ 0.045).
The median count of CD20 þ cells (B lymphocytes) in interfollicular areas at baseline was 100 per HPF. After 12 and 36 months of treatment this parameter did not change significantly, and it was 89 and 81 per HPF, respectively.
Intrafollicular Cytotoxic Lymphocytes
Cytotoxic lymphocytes (CD8 þ granzyme B þ cells) inside the follicular structures were counted in 11 In peripheral blood also there was a significant increase of CD4 þ (P ¼ 0.02) and decrease of CD8 þ after treatment (P ¼ 0.019). Thus, the ratio CD4 þ / CD8 þ cells in peripheral blood increased significantly after treatment (Po0.001). At the moment of the third biopsy, after 36 months of treatment, these parameters did not change significantly.
The ratio CD4 þ /CD8 þ was lower in peripheral blood than in lymphoid tissue. We did not find statistical correlation between CD4 þ and CD8 þ in peripheral blood with CD4 þ and CD8 þ in lymphoid tissue. However, the ratio CD4 þ /CD8 þ in peripheral blood correlated with the same ratio in lymphoid tissue (P ¼ 0.049).
Discussion
Tonsillar biopsies can be performed repeatedly in the same patient and provide an accessible source of lymphoid tissue. In spite of these biopsies being small samples, they are useful to measure the HIV RNA (lymphoid tissue viral load), to study the lymphoid tissue architecture, and to perform immunohistochemical procedures for p24 antigen and lymphoid cell subset assessment. The quantification of lymphocyte cell subsets can be more exact using flow cytometry. However, this technique requires larger amounts of lymphoid tissue and does not supply other useful information, such as the lymphoid tissue architecture and lymphoid cells arrangement.
In HIV infection, the follicular dendritic cells are responsible for the transmission of the infection, binding virions on their surfaces in immune complexes. [1] [2] [3] [4] We have demonstrated viral presence in lymphoid tissue by means of polymerase chain reaction and immunohistochemistry using a monoclonal antibody which recognizes the HIV p24 core antigen. 22 Some reports have stated that the gives results parallel to viral RNA determined by hybridization in situ. 23, 24 In our cases, the immunohistochemical reaction for HIV p24 was positive mainly following a follicular dendritic cell distribution, as the immunoexpression of this antigen has been superposed on that of CD21, a follicular dendritic cell marker (Figure 2b, c) . Retention of infectivity of HIV-1 associated with follicular dendritic cells indicates that this compartment behaves as a continuing source of infection.
After treatment with HAART, the lymphoid tissue viral load and the immunoexpression of p24 antigen decreased significantly. However, lymphoid tissue viral load did not disappear in all cases. Moreover, p24 antigen was still positive in half of the cases after 12 months of treatment, and even in four cases out of six after 36 months of treatment, in spite of all cases showing an undetectable plasma viral load. These facts demonstrate that the study of lymphoid tissue is more accurate than that of the peripheral blood for determining the viral suppression with the treatment.
The architectural changes in lymphoid tissue during HIV-1 infection have been exhaustively described in past years and have been related to the stage of the disease. 12, 13 The HIV-1 infection produces firstly a lymphoid follicular hyperplasia, in which germinal centres are prominent. In this stage, the mantle cell can be effaced, and follicle lysis images can be seen. The following stage in the progression of the infection is the follicular involution of the lymphoid tissue. In this stage, follicles are small and the meshwork of follicular dendritic cell is disrupted, the follicles are mainly formed by these cells, whereas B centre cells are scarce. When the disease progresses, there is a depletion of lymphocytes and the follicles disappear. In this stage, there is usually stromal vascular proliferation. These histological alterations described above correlate perfectly with the clinical evolution of the HIV-1 infection in untreated HIV-1 infected persons. 12, 13 In this study, we have demonstrated that these morphological alterations correlate significantly with the quantification of HIV-1 RNA in lymphoid tissue and peripheral blood. In initial biopsies, the lymphoid tissue in histological stage II had lower lymphoid tissue viral load than those in stage III. After treatment, the cases in stage I had lower lymphoid tissue viral load than those in stage II. In fact, high levels of lymphoid tissue viral load correlated with advanced histological stages, even when T-cell subsets in peripheral blood did not show such an extreme alteration. Before initiating treatment, all patients had a number of CD4 þ lymphocytes in peripheral blood 4500 Â 10 6 /l, and at the same time, in 15 out of 26 (58%) cases, the lymphoid tissue showed destruction of the lymphoid follicles and prominent stromal vascularity, and it was classified as stage III (Figure 1a) . Our study also confirms the recovery of lymphoid tissue architecture after treatment with HAART, as most cases evolved to stages I or II, in which the follicular structures reappeared well or partially formed, respectively (Figures 1b,c) . The capacity of recovery of the follicular dendritic cells after treatment with HAART had been pointed out in previous studies. 20, 21, 25 The architectural changes in lymphoid tissue are associated with a progressive alteration in the balance of T-cell subsets. The infection produces a decrease of CD4 þ T lymphocytes, which we have demonstrated clearly in lymphoid tissue before treatment. CD8 þ T lymphocytes, specially the cytotoxic lymphocytes, which express immunohistochemically granzyme B, TIA-1 and esterase, are increased in first phases of the infection. 13 These cells are found mainly in the interfollicular areas, and also inside the follicular structures, attracted by a chemotactic effect produced by the virus. 11 We have observed a high number of CD8 þ cells, most of them cytotoxic lymphocytes, in interfollicular areas, as well as inside the follicular structures, before treatment. After treatment, we have observed a significant increase of CD4 þ and decrease of CD8 þ cells and cytotoxic lymphocytes, the latter in both interfollicular and intrafollicular areas. However, in spite of treatment, we have demonstrated that this improvement in the T-cell subsets do not reach the normal parameters observed in tonsils of non-HIV-infected persons, used as control cases. These observations also confirm that the presence of high number of intrafollicular cytotoxic lymphocytes could be considered a hallmark of HIV infection. This is the first time that lymphoid tissue of HIV-infected persons has been studied after 36 months of treatment with HAART. Our results indicate that the morphology and the lymphoid subsets do not improve after such a long period of treatment.
In spite of the fact that the values in peripheral blood reflect the events in lymphoid tissue, T cells in the circulating blood represent only 1-2% of the total body pool. We have not found a correlation between CD4 þ and CD8 þ cells in both compartments before and after treatment. The ratio CD4 þ / CD8 þ was higher in lymphoid tissue than in peripheral blood, as other studies using flow cytometry have observed. 26 However, we have found a positive statistical correlation between the ratio CD4 þ /CD8 þ in lymphoid tissue and peripheral blood, which indicates a constant equilibrium between both compartments. CD4 þ and CD8 þ lymphocytes emigrate from the thymus when they are physiologically matured, and they express a specific isotype of the CD45 family, the CD45RA antigen. 27 These cells, immunologically naive, turn into a CD45RO þ phenotype characteristic of memory T cells, after challenging an antigen in the periphery. 28 The balance between the naive and memory T cells is crucial for maintaining an efficient immune response. In HIV infection, naive and memory CD4 þ T-cell counts decrease in different stages of disease. Persons with HIV infection initially show a selective loss of memory cells, and as absolute CD4 þ T-cell counts decrease, the naive CD4 T cells are also lost. 29 These events can be explained taken into account the several mechanisms by which HIV depletes CD4 þ T lymphocytes. On one hand, HIV induces an increased immune activation that leads a persistent proliferation and a higher rate of death of CD4 þ T cells. [4] [5] [6] [7] On the other, in HIV-infected persons there is an impaired production of T cells by suppression of hematopoiesis.
9,10 These mechanisms do not act equally on CD8 þ T cells, which increase until the late stages of HIV-1 infection, due to an increased activation, but not an increase in the death rate. 6, 8 The treatment with HAART produces a recovery of the immune response, which is dependent on the regeneration of the naive and memory CD4 þ T cells. In first weeks after initiating the treatment there is a release of memory cells from lymphoid tissue to peripheral blood, 30 but later there is an increase of memory cells in both compartments due to a decrease of CD4 þ cells proliferation and death. 6, 7, 14, 31 However, the treatment with HAART also produces an increase of newly generated naive cells due to an increase of thymic production [14] [15] [16] and/or a peripheral expansion of naive cells. 32 In our study, we have observed an increase of both naive and memory cells in interfollicular areas of the lymphoid tissue, after 12 and 36 months of HAART. Interestingly, the relation naive/memory cells improved after treatment, indicating that the treatment effect on the T-cell turnover works preferably on the lymphoid production, at this time. The proliferating naive cells (CD45RA þ Ki-67 þ ) have shown only a slight increase after 12 months of treatment. It has been proposed the value of naive cells as a marker of the improvement of the immunity of these patients during treatment. 26 We have found a correlation between the increase of naive cells in lymphoid tissue and the decrease of lymphoid tissue viral load. In our cases, after treatment, there was an increase of naive, memory and CD4 þ cells in interfollicular areas of the lymphoid tissue, whereas a decrease of CD8 þ cells and a practically invariable number of B lymphocytes occurred in this site. Therefore, most of these increased naive and memory cells must be CD4 þ cells.
In conclusion, the changes in the lymphoid tissue architecture correlate with the viral quantification in both lymphoid tissue and peripheral blood. In spite that the treatment with HAART produces a significant improvement of all the parameters studied in lymphoid tissue, this recovery is not complete, even after 36 months of treatment. Thus, the study of lymphoid tissue in HIV infection provides a more accurate information about viral reservoir and cellular immunological improvement than peripheral blood determinations, for monitoring responses to therapy.
